RA. Sensitivity of NOSdependent vascular relaxation pathway to mineralocorticoid receptor blockade in caveolin-1-deficient mice. Am J Physiol Heart Circ Physiol 298: H1776 -H1788, 2010. First published April 2, 2010; doi:10.1152/ajpheart.00661.2009.-Endothelial caveolin-1 (cav-1) is an anchoring protein in plasma membrane caveolae where it binds endothelial nitric oxide synthase (eNOS) and limits its activation, particularly in animals fed a high salt (HS) diet. Cav-1 also interacts with steroid receptors such as the mineralocorticoid receptor (MR). To test the hypothesis that vascular reactivity is influenced by an interplay between MR and cav-1 during HS diet, we examined the effects of MR blockade on NOS-mediated vascular relaxation in normal and cav-1-deficient mice. Wild-type (WT) and cav-1 knockout mice (cav-1 Ϫ/Ϫ ) were fed for 14 days a HS (4% NaCl) diet with and without the MR antagonist eplerenone (Epl; 100 mg·kg Ϫ1 ·day Ϫ1 ). After systolic blood pressure (BP) was measured, the thoracic aorta was isolated for measurement of vascular reactivity, and the aorta and heart were used for measurement of eNOS and MR expression. BP was not different between WT ϩ Epl and WT, but was higher in cav-1 Ϫ/Ϫ ϩ Epl than in cav-1 Ϫ/Ϫ mice. Phenylephrine (Phe)-induced vascular contraction was less in cav-1 Ϫ/Ϫ than WT, and significantly enhanced in cav-1 Ϫ/Ϫ ϩ Epl than in cav-1
, but not in WT ϩ Epl compared with WT. Endothelium removal, L-NAME, and the guanylate cyclase inhibitor ODQ abolished the large ACh-induced relaxation in cav-1 Ϫ/Ϫ and the remaining relaxation in the cav-1 Ϫ/Ϫ ϩ Epl but had similar inhibitory effect in WT and WT ϩ Epl. Real-time RT-PCR indicated decreased eNOS mRNA expression in the aorta and heart, and Western blots revealed decreased total eNOS in the heart of cav-1 Ϫ/Ϫ ϩ Epl compared with cav-1 Ϫ/Ϫ . Vascular and cardiac MR expression was less in cav-1 Ϫ/Ϫ than WT, but not in cav-1 Ϫ/Ϫ ϩ Epl compared with cav-1 Ϫ/Ϫ . Plasma aldosterone (Aldo) was not different between WT and cav-1 Ϫ/Ϫ mice nontreated or treated with Epl. Thus in cav-1 deficiency states and HS diet MR blockade is associated with increased BP, enhanced vasoconstriction, and decreased NOS-mediated vascular relaxation and eNOS expression. The data suggest that, in the absence of cav-1, MR activation plays a beneficial role in regulating eNOS expression/activity and, consequently, the vascular function during HS diet.
caveolae; aldosterone; eplerenone; endothelium; endothelial nitric oxide synthase HIGH SALT (HS) dietary intake is associated with increased vascular volume (13) . The volume overload and increased renal blood flow result in inhibition of the renin-angiotensin system, leading to increased salt and water excretion and restoration of vascular volume toward normal (26, 27, 45) . High dietary sodium may also affect vascular function as a result of nuclear localization of sodium and activation of nuclear mRNA expression, release of ouabain-like factor, and activation of sodium/calcium (Na ϩ /Ca 2ϩ ) exchange mechanism (4, 5, 32, 36, 54) .
Aldosterone (Aldo)-induced activation of the mineralocorticoid receptor (MR) in the kidney plays a critical role in sodium reabsorption and in the control of plasma sodium levels and plasma volume during HS diet (29, 38) . MR has also been identified in cardiac and vascular tissues, suggesting that Aldo-MR interaction may affect cardiac and vascular function (19, 34, 59, 66, 68) . However, the role of MR in modulating vascular function, particularly during HS diet, has not been fully characterized.
Caveolin-1 (cav-1) is a transmembrane protein identified in the plasma membrane caveolae of many cell types including endothelial, vascular smooth muscle (VSM), and cardiac cells (17, 31, 47, 61, 65) . In VSM, cav-1 plays a role in the coupling of ␣-adrenergic, ANG II, and endothelin receptors to VSM contraction and growth (63, 69, 70, 75) . In the endothelium, cav-1 anchors endothelial nitric oxide synthase (eNOS) to plasma membrane caveolae, thus limiting its cytosolic translocation, and its consequent phosphorylation and full activation. A role of cav-1 in mediating the effects of steroid hormones on their receptors has also been suggested (40, 41) . These studies have suggested a prominent role of cav-1 in the regulation of vascular function and growth (15, 56, 58, 72) as well as in the normal systolic and diastolic cardiac function (71) .
Studies in cav-1 null mice on normal salt diet have suggested a role of cav-1 in mechanotransduction, vascular remodeling, and cardiovascular function (15, 58, 71, 72) . We also have recently shown that cav-1 deficiency is associated with increased eNOS activity during HS diet and suggested potential effects of HS on cav-1 eNOS binding (56) .
Despite the evidence that MR is an important regulator of the hemodynamics during HS diet, and that vascular cav-1 and eNOS binding may be influenced by HS diet, the role of MR in the regulation of cav-1 and eNOS during HS diet is unclear. Previous studies also have proposed potential interaction between steroid receptors and cav-1 and suggested that the loss of cav-1 can alter steroid receptor signaling. For instance, a recent study has shown that genetic ablation of cav-1 is associated with hypersensitivity to estrogen (46) . Studies have also shown a link between the estrogen receptor (ER) and eNOS regulation (37, 53) . Thus there is evidence in the literature that loss of cav-1 may dysregulate steroid signaling and the eNOS pathway. Although Aldo may activate similar signaling pathways as those induced by other steroids such as estrogen (3) , whether the loss of cav-1 upregulates Aldo or affects Aldo regulation of eNOS expression/signaling has not been examined, and thus makes it important to test for potential Aldo upregulation/ hypersensitivity in cav-1 deficiency states. The purpose of this study was to test the hypothesis that Aldo-MR plays a role in the regulation of the endothelial cav-1 and eNOS interaction and thereby the vascular function during HS diet. We reasoned that if MR regulates eNOS in a cav-1-dependent manner, then cav-1 deficiency should either eliminate or enhance the effects of MR blockade on eNOS function. We used wild-type (WT; cav-1 ϩ/ϩ ) and cav-1 knockout mice (KO; cav-1
) placed on a HS diet and nontreated or treated with the MR antagonist eplerenone (Epl) to investigate whether 1) MR blockade is associated with altered vascular contraction in cav-1 Ϫ/Ϫ mice on HS diet, 2) MR blockade is associated with altered vascular relaxation in cav-1 Ϫ/Ϫ mice on HS diet, and 3) the changes in vascular contraction and relaxation associated with MR blockade in cav-1 Ϫ/Ϫ mice on HS diet reflect alterations in the expression/activity of eNOS.
MATERIAL AND METHODS
Animals. Twelve-week-old KO (cav-1 Ϫ/Ϫ ) and geneticallymatched WT (cav-1 ϩ/ϩ ) male mice (stock numbers 004585 and 101045, respectively) were purchased from Jackson Laboratories (Bar Harbor, ME). The genotypes were confirmed by PCR according to Jackson Laboratories= guidelines. Mice were housed in the animal facility in 12-h:12-h light/dark cycle at 22 Ϯ 1°C ambient temperature and maintained on ad libitum normal Purina Rodent Chow (5053, 0.8% NaCl; Purina, St. Louis, MO) and tap water. After 3 days of acclimatization, mice from each genotype were placed on HS diet (4% NaCl) for 5 days to achieve sodium balance (28, 52) and maintained on the HS diet for an additional 14 days. A subgroup of mice received 100 mg·kg Ϫ1 ·day Ϫ1 Epl in the HS diet for 14 days. The Epl dose was adjusted to a food content of 0.4 mg Epl/gram chow, based on mice food consumption (Table 1) . Epl has higher selectivity for MR over other steroid receptors and is Ͼ250 times more specific for MR than for the ER (9) . Epl also has lower affinity for progesterone, androgen, and glucocorticoid receptors, compared with spironolactone. This is exemplified by the high incidence of progesterone-like and antiandrogenic adverse effects in spironolactone-treated patients, possibly due to nonspecific binding to steroid receptors (44, 67) . Thus the effects of Epl treatment are more likely due to interference with MR. However, an interaction between MR and other steroid receptor-mediated signaling pathways cannot be excluded.
The body weight was significantly less in cav-1 Ϫ/Ϫ compared with WT nice. However, no significant change in body weight was observed in either genotype when treated with Epl (Table 1 ). All experimental procedures followed the guidelines of, and were approved by, the Institutional Animal Care and Use Committee at Harvard Medical School.
Blood pressure. Systolic blood pressure (BP) was measured in conscious mice after reaching sodium balance on days 0 and 13 using tail-cuff plethysmography (BP analyzer, model 179; IITC Life Science, Woodland Hills, CA). Mice were warmed at 30°C for 10 min and allowed to rest quietly before BP measurement. BP measurements were taken in a quiet room, and the mice were kept calm and handled by the same person. No sedation was used. -nitro-L-arginine methyl ester (L-NAME)-treated aortic rings is significantly greater (P Ͻ 0.05) than Phe contraction in endothelium-intact nontreated tissues. Plasma Aldo. Mice were euthanized under deep anesthesia with isoflurane. Blood was collected in purple-top BD Microtainer tubes (EDTA). The plasma was separated by centrifugation, and Aldo levels were determined in duplicates (200 l each) using a solid-phase RIA kit (Diagnostic Products, Los Angeles, CA).
Tissue preparation. In euthanized mice, the thoracic cavity was opened, and the aorta and the heart were rapidly excised. The thoracic aorta was placed in oxygenated Krebs solution, carefully dissected and cleaned of connective tissue under microscopic visualization, and cut into 2-mm-wide rings. Sections of the aorta and the heart were placed in liquid nitrogen immediately after collection in preparation for mRNA and protein analysis.
Isometric contraction. Aortic segments were suspended between two tungsten wire hooks; one hook is fixed at the bottom of a tissue bath and the other hook is connected to a Grass force transducer (FT03; Astro-Med, West Warwick, RI). Aortic segments were stretched under 0.5 g of resting tension and allowed to equilibrate for 45 min in a temperature-controlled, water-jacketed tissue bath, filled with 50 ml Krebs solution continuously bubbled with 95% O 2-5% CO2 at 37°C. The changes in isometric contraction were recorded on a Grass polygraph (Model 7D; Astro-Med).
After tissue equilibration, a control contraction to 96 mM KCl was elicited. Once maximum KCl contraction was reached, the tissue was rinsed with Krebs three times for 10 min each. The control KClinduced contraction followed by rinsing in Krebs was repeated twice. Aortic segments were stimulated with increasing concentrations of phenylephrine (Phe; 10 Ϫ9 to 10 Ϫ5 M), concentration-contraction curves were constructed, and the maximal Phe contraction was measured. The individual Phe concentration-response curves were further analyzed using a nonlinear regression curve (best-fit sigmoidal doseresponse curve; Sigmaplot), and the effective concentration that produced half the maximal contraction (ED 50) was measured and presented as pED50 (Ϫlog M). In other experiments, the tissues were precontracted with Phe (10 Ϫ5 M), increasing concentrations (10 Ϫ9 to 10 Ϫ5 M) of ACh were added, and the percent relaxation of Phe contraction was measured. Parallel contraction and relaxation experiments were performed in endothelium-intact aortic rings pretreated with the nitric oxide (NO) synthase (NOS) inhibitor N -nitro-Larginine methyl ester (L-NAME; 3 ϫ 10 Ϫ4 M) or the guanylate cyclase inhibitor 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ; 10 Ϫ5 M) for 10 min. The contraction to Phe and the relaxation to ACh and sodium nitroprusside (SNP) were also measured in endothelium-denuded aortic rings. In these experiments, the endothelium was removed by rubbing the vessel interior five times around the tip of a forceps.
Nitrite/nitrate measurements. Aortic segments were placed in 2 ml Krebs aerated with 95% O 2-5% CO2 at 37°C, and the solution was changed every 30 min for 1 h. Samples for basal accumulation of nitrite (NO 2 Ϫ ) formed from released NO were first taken. Vascular segments were stimulated with ACh (10 Ϫ5 M) for 10 min, then rapidly removed, dabbed dry with filter paper, and weighed. The incubation solutions were assayed for the stable end product of NO, NO 2 Ϫ . Briefly, samples of the incubation solution (50 l, in triplicate) were mixed in 96-well microplate with 100 l Griess reagent. The chromophore generated from the reaction with NO 2 Ϫ was detected spectrophotometrically (535 nm) using a SpectraMax microplate reader (Molecular Devices, Sunnyvale, CA). The concentration of NO 2 Ϫ was calculated using a calibration curve with known concentrations of NaNO2 (54) .
Real time RT-PCR. Total mRNA was extracted from the hearts and aortas using the RNeasy mini kit (Qiagen Sciences, Germantown, MD). cDNA was synthesized from 1.5 g RNA with the first-strand cDNA synthesis kit (GE Healthcare, Piscataway, NJ). PCR amplification reactions were performed in duplicate using the ABI Prism 7000 sequence detection system (Applied Biosystems, Foster City, CA) and using the ⌬⌬CT method to determine mRNA levels. Gene expression was normalized to 18S rRNA levels. PCR amplification to detect endothelial NOS (eNOS), MR, and the housekeeping 18S rRNA was performed with TaqMan gene expression assays (proprietary primers and probes designed and synthesized by Applied Biosystems). Data are presented as fold increase relative to the measurement in WT mice on HS diet.
Western blot analysis. Protein was extracted by homogenizing cardiac and aorta tissue with radioimmunoprecipitation assay lysis buffer (Santa Cruz Biotechnology, Santa Cruz, CA). Protein extracts (40 g) were combined with an equal volume of 2ϫ Laemmli loading buffer, boiled for 5 min, and size-fractionated by electrophoresis on 7.5% SDS-polyacrylamide gels. Proteins were transferred from the gel to a nitrocellulose membrane by electroblotting. Membranes were incubated with 5% nonfat dried milk, in Tris-buffered saline-Tween (USB, Cleveland, OH) for 1 h, and then overnight at 4°C with mouse anti-eNOS antibody (1:2,500; BD Transduction Laboratories, San Diego, CA), rabbit anti p-eNOS antibody (1:1,000; Cell Signaling Technology, Danvers, MA), or rabbit anti-ENaC antibody (1:200; Novus Biologicals, Littleton, CO). After incubation, samples were washed, incubated with peroxidase-conjugated secondary antibody, and analyzed using enhanced chemiluminescence (Perkin-Elmer Life Sciences, Boston, MA). The blots were subsequently reprobed for ␤-actin (1:5,000 dilution), and the results were normalized to ␤-actin, to correct for loading. Data are presented as fold increase relative to the measurement in WT mice on HS diet.
Solutions and drugs. Krebs solution contained (in mM) 120 NaCl, 5.9 KCl, 25 NaHCO 3, 1.2 NaH2PO4, 11.5 dextrose, 2.5 CaCl2, 1.2 MgCl2, at pH 7.4, and bubbled with 95% O2-5% CO2. KCl (96 mM) was prepared as Krebs solution with equimolar substitution of NaCl with KCl. Stock solutions of Phe, ACh, and L-NAME (10 Ϫ1 M; Sigma) were prepared in distilled water. Stock solution of ODQ (10 Ϫ1 M) was prepared in DMSO. Final concentration of DMSO in experimental solution was Ͻ0.1%. All other chemicals were of reagent grade or better.
Statistical analysis. The data were analyzed using two-way ANOVA (cav-1 status, Epl treatment) and presented as means Ϯ SE. Scheffe's F test was used for comparison of multiple means. Student's t-test for unpaired data was used for comparison of two means. Differences were considered statistically significant if P Ͻ 0.05. All studies were accomplished with the individual performing the study blinded as to the genotype of the animal and the treatment group from which the tissues were obtained.
RESULTS
Measurement of body weight demonstrated a trend for less weight gain in cav-1 Ϫ/Ϫ ϩ Epl (0.05%) compared with cav-1 Ϫ/Ϫ (8.2%; P Ͻ 0.001) mice, but not in WT ϩ Epl (0.5%) compared with WT [2.7%;P ϭ not significant (ns); Table 1 ]. Epl treatment also was associated with a nonsignificant trend for more water consumption in cav-1 Ϫ/Ϫ (6.4 Ϯ 1.1 ml) compared with WT (5.5 Ϯ 1.1 ml; P ϭ 0.57) mice.
The systolic BP was not significantly different between cav-1 Ϫ/Ϫ and WT mice on HS diet (Fig. 1) . Treatment with Epl was not associated with significant changes in BP in WT mice. In contrast, in cav-1 Ϫ/Ϫ mice treatment with Epl significantly increased BP (P Ͻ 0.05; Fig. 1) .
In aortic segments of WT mice, the ␣-adrenergic agonist Phe caused concentration-dependent contraction that reached a maximum of 0.28 Ϯ 0.04 g at 10 Ϫ5 M. The maximum Phe contraction in cav-1 Ϫ/Ϫ mice was significantly reduced (P Ͻ 0.05) compared with WT animals (Fig. 2, A and B, and Table  1 ). The Phe-induced aortic contraction was not significantly different between WT ϩ Epl and WT mice ( Fig. 2A) . In contrast, the Phe-induced aortic contraction was significantly enhanced in cav-1 Ϫ/Ϫ ϩ Epl compared with cav-1 Ϫ/Ϫ mice on HS diet ( Fig. 2B and Table 1 ). When the Phe-induced aortic contraction also was presented as a percentage of maximum and the Phe ED 50 was calculated, no significant difference was observed between WT ϩ Epl and WT mice ( Fig. 2C and Table  1 ). In contrast, the Phe concentration-percent response curve was significantly shifted to the left, and calculation of the Phe ED 50 indicated that Phe was significantly more potent in the aorta of cav-1 Ϫ/Ϫ ϩ Epl compared with cav-1 Ϫ/Ϫ mice ( Fig. 2D and Table 1 ), suggesting that Epl treatment enhances the sensitivity of the ␣-adrenergic receptors to Phe in the aorta of cav-1-deficient mice.
Measurement of aortic contraction to 96 mM KCl, a membrane depolarization-dependent and receptor-independent stimulant of Ca 2ϩ influx from the extracellular space, indicated that it was reduced in cav-1 Ϫ/Ϫ compared with WT mice on HS diet (Fig. 3) . The KCl-induced aortic contraction was not significantly different between WT ϩ Epl and WT mice but was significantly enhanced (P Ͻ 0.05) in cav-1 Ϫ/Ϫ ϩ Epl compared with cav-1 Ϫ/Ϫ mice. Thus the enhanced vascular contraction in the cav-1 KO mice on HS and Epl is not limited to receptor-mediated responses and may involve a common postreceptor downstream signaling pathway that is disrupted in the absence of cav-1. Removal of the endothelium was associated with insignificant change of the Phe contraction in aortic segments of WT (Fig. 4A) or WT ϩ Epl mice (Fig. 4B) . In contrast, removal of the endothelium was associated with significant enhancement of Phe contraction in the aorta of cav-1 Ϫ/Ϫ mice ( Fig. 4C and Table 1 ). On the other hand, Phe-induced contraction was not significantly different in endothelium-denuded and intact aortic segments of cav-1 Ϫ/Ϫ ϩ Epl mice (Fig. 4D) , suggesting that an endothelium-dependent relaxation pathway is already inhibited in the aorta of Epl-treated cav-1-deficient mice.
In aortic segments of WT and cav-1 Ϫ/Ϫ mice nontreated or treated with Epl, the NOS inhibitor L-NAME (3 ϫ 10 Ϫ4 M) alone did not cause any detectable constriction. Phe-induced contraction also was not significantly different in L-NAMEtreated and nontreated aortic rings from WT (Fig. 5A) or WT ϩ Epl mice (Fig. 5B) . L-NAME treatment significantly enhanced (P Ͻ 0.05) Phe contraction in aortic rings from cav-1 Ϫ/Ϫ mice ( Fig. 5C and Table 1 ). In contrast, L-NAME treatment did not significantly enhance Phe contraction in aortic rings of cav-1 Ϫ/Ϫ ϩ Epl mice (Fig. 5D ), suggesting that eNOS is already inhibited in the Epl-treated cav-1-deficient mice.
In Phe precontracted aortic rings of WT mice, ACh caused concentration-dependent relaxation that reached a maximum at 10 Ϫ5 M. ACh-induced relaxation was significantly enhanced (P Ͻ 0.05) in cav-1 Ϫ/Ϫ compared with WT mice (Fig. 6 and Table 1 ). ACh-induced aortic relaxation was significantly reduced in cav-1 Ϫ/Ϫ ϩ Epl compared with cav-1 Ϫ/Ϫ mice but was not significantly different between WT ϩ Epl and WT mice (Fig. 6 and Table 1 ). We should note that the aortic rings were bubbled with 95% O 2 . Although we observed ϳ90% relaxation to ACh in the aorta of cav-1 Ϫ/Ϫ mice, it is possible that 95% O 2 concentration could still inhibit NO-dependent relaxation, and more so in arteries with impaired antioxidant capacity. Comparison of the results in aortic rings bubbled with 21% O 2 should be examined in future studies.
Removal of the endothelium caused similar inhibition of ACh-induced aortic relaxation in WT (Fig. 7A ) and WT ϩ Epl (Fig. 7B) mice. In contrast, endothelium removal abolished the large ACh-induced aortic relaxation in cav-1 Ϫ/Ϫ mice (Fig.  7C ) and the remaining smaller relaxation in the cav-1 Ϫ/Ϫ ϩ Epl mice (Fig. 7D) . NO produced by eNOS is known to diffuse into VSM, activate guanylate cyclase, and increase cGMP production, which in turn promotes vascular relaxation (20, 30, 48) . Treatment of aortic rings with the NOS inhibitor L-NAME or the guanylate cyclase inhibitor ODQ caused similar inhibition of ACh-induced relaxation in the aorta of WT (Fig. 7A ) and WT ϩ Epl (Fig. 7B) mice but abolished the large ACh-induced aortic relaxation in cav-1 Ϫ/Ϫ mice (Fig.  7C ) and the remaining smaller relaxation in the cav-1 Ϫ/Ϫ ϩ Epl mice (Fig. 7D) .
To test for the responsiveness of VSM to NO, the effects of the exogenous NO donor SNP were examined. In Phe precontracted aortic rings of WT mice, SNP caused concentration-dependent relaxation that reached a maximum at 10 Ϫ5 M. SNP-induced aortic relaxation was not significantly different between WT ϩ Epl and WT mice (Fig. 8A) or between cav-1 Ϫ/Ϫ ϩ Epl and cav-1 Ϫ/Ϫ mice ( Fig. 8B and Table 1 ).
Although the mouse aorta is very small, we attempted to measure nitrite/nitrate (NOx) production in aortic segments of WT and cav-1 KO mice using the Griess reagent technique. The results suggested that ACh (10 Ϫ5 M) caused an increase in NO production in both WT (basal, 2,366 Ϯ 204; ACh, 3,920 Ϯ 392 pmol/mg; n ϭ 21) and cav-1 Ϫ/Ϫ (basal, 2,158 Ϯ 400; ACh, 3,800 Ϯ 841 pmol/mg tissue; n ϭ 15) mice. However, the background signal was very high, making it difficult to discern differences in basal or ACh-stimulated NO production between the aortas of cav-1 Ϫ/Ϫ and WT mice. The inability to measure a significant difference in aortic NO production between cav-1 Ϫ/Ϫ and WT mice made it even more difficult to determine with confidence any potential effects of Epl treatment on vascular NO production, and therefore these measurements were not performed.
RT-PCR analysis revealed that eNOS mRNA expression was significantly increased in the aorta and heart of cav-1 Ϫ/Ϫ compared with WT (Fig. 9) . The eNOS mRNA expression was significantly reduced in the aorta and heart of cav-1 Ϫ/Ϫ ϩ Epl compared with cav-1 Ϫ/Ϫ mice. The expression of eNOS -nitro-L-arginine methyl ester (L-NAME; 3 ϫ 10 Ϫ4 M; triangles) for 15 min. The tissues were stimulated with increasing concentrations of Phe, and the contractile response was measured and presented in grams. Data represent means Ϯ SE (n ϭ 6 to 19). *Measurements in L-NAME-treated aortic segments are significantly different (P Ͻ 0.05) from corresponding measurements in nontreated segments.
mRNA was significantly reduced in the aorta but not in the heart of WT ϩ Epl compared with WT mice (Fig. 9) .
Western blot analysis revealed that the amount of eNOS protein was insignificantly increased in the aorta (P ϭ 0.06) and significantly increased in the heart of cav-1 Ϫ/Ϫ compared with WT (Fig. 10) . The amount of eNOS protein was insignificantly reduced in the aorta and heart of cav-1 Ϫ/Ϫ ϩ Epl compared with cav-1 Ϫ/Ϫ mice (Fig. 10) . Our measurements of activated p-eNOS were less conclusive, with no discernable difference in the aorta or heart of cav-1 Ϫ/Ϫ and WT mice nontreated or treated with Epl (Fig. 10) .
Plasma Aldo levels were not significantly different between cav-1 Ϫ/Ϫ and WT mice nontreated or pretreated with Epl (Table 1) . Although some increase in Aldo levels was observed in the Epl-treated mice, this difference did not reach statistical significance, suggesting that the dose used minimally modified the renin-angiotensin-aldosterone-volume feedback loop. RT-PCR revealed that the mRNA expression of MR was reduced significantly (P Ͻ 0.05) in the aorta but insignificantly in the heart of cav-1 Ϫ/Ϫ mice compared with WT mice (Fig. 11) . MR expression was significantly reduced in WT ϩ Epl compared with WT mice but was not significantly different in cav-1 Ϫ/Ϫ ϩ Epl compared with cav-1 Ϫ/Ϫ mice (Fig. 11) .
DISCUSSION
The present study demonstrates that MR blockade in cav-1 BP is controlled by renal, hormonal, and cardiovascular mechanisms (57) . The renin-angiotensin system and ANG II stimulate the release of Aldo from the adrenal cortex, which in turn activates MR in the collecting ducts and increases sodium absorption and plasma volume (1, 27, 36, 45) . Studies have shown an increase in plasma volume in cav-1 Ϫ/Ϫ mice (2, 56), and hypersensitivity to low levels of Aldo might explain this volume expansion. Consequently, Epl treatment is expected to block the effects of Aldo on renal MR, and thereby decrease sodium absorption, plasma volume expansion, and BP in cav-1 Ϫ/Ϫ mice. With regard to volume expansion, we did not observe significant changes in body weight or water intake in the different groups during the 2-wk experiment. The increase in BP in cav-1 Ϫ/Ϫ ϩ Epl mice also may not be due to changes in circulating Aldo levels since they were not different between cav-1 Ϫ/Ϫ and WT mice nontreated or treated with Epl. These data suggest that the increased BP in cav-1 Ϫ/Ϫ ϩ Epl mice on HS diet is not related to Aldo/MR regulation of renal function and could be related to changes in the cardiovascular control mechanisms of BP.
We have previously shown that HS diet alone in mice or rats is not associated with significant cardiac tissue damage (42, 51, 59, 68) . In rats, dietary salt intake alone also is not associated with significant increase in BP or vascular reactivity, because the vasoconstrictive effects of HS are normally counterbalanced by compensatory increases in NO production and vascular relaxation (24, 64) . This is supported by report that in rats chronically treated with L-NAME or endothelin B receptor antagonist, either of which could inhibit NO production, HS diet is associated with increased BP and vasoconstriction (24) . Therefore, it is possible that the BP sensitivity to HS diet in Epl-treated cav-1 Ϫ/Ϫ mice could be due to an interaction between cav-1 and the vascular NO-dependent control mechanisms of BP.
Studies in cav-1 null mice on normal rodent chow containing ϳ0.8% NaCl have suggested a role of cav-1 in mechanotransduction, vascular remodeling, and cardiovascular function (15, 58, 71, 72) . We also have previously examined whether cav-1 could be affected during HS diet and demonstrated that Phe, ANG II, and KCl contraction is reduced and ACh relaxation is enhanced in the aorta of cav-1 Ϫ/Ϫ versus WT mice on HS diet (56) . Some studies have shown that cav-1 Ϫ/Ϫ mice have impaired constriction in resistance mesenteric arteries but not the aorta (2) . Other studies have reported that in the presence of NOS inhibition, ␣ 1 -adrenergic stimulation produces greater contraction in femoral arteries of cav-1 Ϫ/Ϫ than WT mice (63) . These data are consistent with the previously reported greater pressor effect of NOS inhibition in the cav-1 Ϫ/Ϫ mice from our laboratory (56), but somewhat different from the present observation that NOS inhibition enhanced the aortic Phe response in cav-1 Ϫ/Ϫ mice but only to levels similar to those observed in the WT. The difference in the findings could be related to the contractile signaling mechanisms activated in large conduit arteries versus small resistance vessels, making it important to investigate the effects of cav-1 deficiency in more than one vascular bed. On the other hand, the observations that the aortic contraction to Phe and KCl is reduced and that ACh-induced aortic relaxation is enhanced in cav-1 Ϫ/Ϫ compared with WT mice on HS diet are consistent with a previous report from our laboratory (56) and suggest an increased amount/activity of endothelium-derived relaxing factor(s) in cav-1 Ϫ/Ϫ mice on HS diet. In endothelial cells, the NO produced by eNOS diffuses into VSM where it activates guanylate cyclase, increases cGMP production, and inhibits VSM contraction (20, 30, 48) . Under basal conditions eNOS is bound to cav-1 at the endothelial cell caveolae. An increase in endothelial cell Ca 2ϩ enhances the release of eNOS from cav-1 to the cytosol where it becomes phosphorylated and fully activated (6, 17, 18, 47, 62) . The observation that endothelium removal or treatment with the NOS inhibitor L-NAME or the guanylate cyclase inhibitor ODQ caused greater enhancement of Phe contraction and/or greater reduction of ACh relaxation in the aorta of cav-1 Ϫ/Ϫ compared with WT mice is consistent with a previous report from our laboratory that the endothelium-dependent NOcGMP pathway is enhanced in cav-1 Ϫ/Ϫ mice, and that by binding to eNOS cav-1 plays a role in the control of vascular function during HS diet (56) .
MR has been identified in cardiac and vascular tissues, and Aldo-MR interaction may affect cardiac and vascular function during HS diet (19, 34, 59, 66, 68) . The present MR expression data demonstrate that cav-1 deficiency is associated with reduced MR expression in the aorta and to a less extent in the heart. Epl treatment was associated with downregulation of MR in the aorta and heart of WT but not cav-1 Ϫ/Ϫ mice, likely due to differences in MR sensitivity to blockade. This is in agreement with our recent observation that the MR sensitivity to Aldo is altered in cav-1 Ϫ/Ϫ mice (data not shown). Nevertheless, the differential effects of Epl on MR expression in WT and cav-1 Ϫ/Ϫ mice suggest potential interaction of MR and cav-1. This is supported by reports that cav-1 may be involved in mediating the effects of steroid hormones on their receptors (40, 41) . These observations have led us to hypothesize a potential interaction between vascular MR, cav-1, and eNOS during HS diet. We reasoned that if MR, cav-1, and eNOS function independently, then MR blockade should have no, or at least similar, vascular effects in WT and cav-1 Ϫ/Ϫ mice. On the other hand, if MR and cav-1 are functionally linked, then MR blockade should be associated with changes in eNOS expression/activity, NOS-mediated vascular relaxation, and the magnitude of vascular contraction, and these vascular effects would be different in WT and cav-1 Ϫ/Ϫ mice. Epl treatment of cav-1 Ϫ/Ϫ mice was associated with enhanced Phe-induced aortic contraction, suggesting a role for MR in the regulation of vascular reactivity. The enhanced Phe-induced aortic contraction cav-1 Ϫ/Ϫ ϩ Epl mice was partly due to enhanced sensitivity of the ␣-adrenergic receptors because the Phe ED 50 was less in the aorta of Epl-treated than nontreated cav-1 Ϫ/Ϫ mice. KCl-induced aortic contraction, a receptor-independent response due to Ca 2ϩ entry from the extracellular space (35, 49) , also was greater in Epl-treated than nontreated cav-1 Ϫ/Ϫ mice, suggesting that the enhanced vascular contraction in Epl-treated cav-1 Ϫ/Ϫ mice could be due to activation of a common postreceptor contraction mechanism and/or inhibition of a common vascular relaxation mechanism.
The increase in vascular contraction associated with MR blockade in cav-1 null mice is likely due to reduced endotheliumdependent NO-cGMP relaxation pathway because 1) AChinduced relaxation was reduced in the aorta of Epl-treated compared with nontreated cav-1 Ϫ/Ϫ mice; 2) Removal of the endothelium, NOS inhibition by L-NAME, or guanylate cyclase inhibition by ODQ abolished the prominent ACh-induced aortic relaxation in cav-1 Ϫ/Ϫ mice and the remaining smaller aortic relaxation in the cav-1 Ϫ/Ϫ ϩ Epl mice, but caused similar inhibition in the aorta of WT ϩ Epl and WT mice; 3) the reduced aortic relaxation in cav-1 Ϫ/Ϫ ϩ Epl is not due to decreased responsiveness of VSM to vasodilators, since vascular relaxation to the exogenous NO donor SNP was not significantly different in the aorta of cav-1 Ϫ/Ϫ or WT mice nontreated or treated with Epl; 4) consistent with a previous report from our laboratory (56) , RT-PCR analysis revealed an increase in eNOS mRNA expression in the aorta and heart of cav-1 Ϫ/Ϫ compared with WT mice on HS diet; and 5) Western blot analysis of eNOS protein amount revealed an insignificant increase in the aorta and significant increase in the heart of cav-1 Ϫ/Ϫ compared with WT mice. Since cav-1 Ϫ/Ϫ mice have intact cav-3 expression in the cardiac myocytes, the effects in the heart likely represent changes of eNOS in the vessels of the heart rather than in the cardiac myocytes. The prominent effects of MR blockade on eNOS mRNA expression and protein amount and on the NO-cGMP relaxation pathway in the aorta of cav-1 Ϫ/Ϫ mice support a regulatory role of MR on the interaction between cav-1 and eNOS.
The molecular interaction between MR and the vascular cav-1 and NO pathway is unclear at the present time. Although MR has been identified in the vasculature and endothelial cells, and has been linked to vascular hypertrophy, vasospasm, and cell adhesion (10, (21) (22) (23) 60) , the physiological significance of vascular MR has not been fully examined. The nature of activators of MR also is unclear, and the vascular MR can be activated by not only Aldo but also by other steroid and nonsteroid molecules (14, (21) (22) (23) . One possibility is that MR and eNOS are both normally inhibited by cav-1 and that cav-1 disruption would lead to increased activity of both, so that MR can now act to stabilize or stimulate eNOS. The cellular mechanism via which vascular Aldo-MR may promote eNOS expression/activity in cav-1 deficiency states may involve genomic and nongenomic pathways. Studies have shown that the renal MR are coupled to nongenomic activation of the sodium channel ENaC in the collecting tubules (39, 43, 74) . Aldo also may stimulate the activity and surface expression of Na ϩ -H ϩ exchanger (NHE3) in human proximal tubule epithelial cells (16) . ENaC, NHE, and Na ϩ -Ca 2ϩ exchanger have been identified in VSM and endothelial cells (25, 33, 57) . Our Western blot experiments also revealed an increase in ENaC protein amount in the aorta of cav-1 Ϫ/Ϫ (2.49 Ϯ 0.37) compared with WT (1.00 Ϯ 0.11; P ϭ 0.017) mice. MR-mediated signaling may also regulate the Na ϩ channel in endothelial cells via a mechanism involving the cytoskeleton (25) . It is tempting to suggest that in the cav-1 deficiency states and during HS diet, MR activation may promote Na ϩ entry into endothelial cells. In the presence of fully activated Na ϩ -K ϩ pump, the increased cellular Na ϩ load is extruded via reverse- mode Na ϩ -Ca 2ϩ exchanger, leading to increased intracellular Ca 2ϩ , increased eNOS expression, and activation of Ca 2ϩ -dependent eNOS.
In support of the possibility that MR and eNOS are both normally inhibited by cav-1, and that cav-1 disruption allows MR to stabilize or stimulate eNOS, we observed that Epl treatment did not decrease eNOS mRNA expression in the heart or eNOS protein amount in the aorta or heart of WT mice, but decreased eNOS mRNA expression and protein amount in the aorta and heart of cav-1 Ϫ/Ϫ mice. Although we could not discern differences in vascular NO production, other studies have shown that the plasma NOx levels are fivefold higher in cav-1 Ϫ/Ϫ than WT mice (73), raising the possibility that the observed effects of Epl treatment could be due to blockade of the actions of Aldo on eNOS expression and NO production. Therefore, it is important to measure the effects of Epl treatment on plasma and vascular NOx in cav-1 Ϫ/Ϫ and WT mice using more sensitive assays. Another way to determine eNOS activity is to measure activated p-eNOS. Our assays of p-eNOS were not sensitive enough to detect significant changes in activated p-eNOS in the aorta or heart of WT or cav-1 Ϫ/Ϫ mice nontreated or treated with Epl. On the other hand, activated p-ERK is known to increase p-eNOS and enhance eNOS activity (7, 8) . We have recently examined the effects of Aldo and canrenoate, the active ingredient in Epl, on p-ERK in cultured endothelial cells from cav-1 Ϫ/Ϫ and WT mice and found that Aldo treatment for 24 h enhanced p-ERK expression and that canrenoate treatment blocked these effects (55) . Other studies have shown that short-term exposure to Aldo enhances ATP-induced NO production in endothelial cells and augments ACh-induced relaxation in rat aorta and that these effects are blocked by Epl (50) . Together, these data support the possibility that Epl could block the effects of Aldo on eNOS expression/activity and NO production. In this respect, it would be important to measure the direct effects of Aldo and MR antagonists on eNOS expression/activity and NO production in cultured endothelial cells from cav-1 Ϫ/Ϫ and WT mice in future investigations.
In conclusion, in cav-1 deficiency states and HS diet, MR blockade is associated with increased BP, enhanced vasoconstriction, and decreased NOS-mediated vascular relaxation and eNOS expression. The salt sensitivity of the vascular mechanisms controlling BP in Epl-treated cav-1 Ϫ/Ϫ mice suggests a role of MR in the regulation of endothelial cav-1 and eNOS expression and vascular remodeling during HS diet. During sodium overload the decrease in MRmediated renal sodium reabsorption reduces untoward increases in plasma volume and BP. In cav-1 deficiency states, these renal control mechanisms could be reinforced by MR enhancement of eNOS expression/activity and reduction of vasoconstriction and vascular resistance to maintain BP toward normal.
Perspective
The observed increase in BP in the cav-1 Ϫ/Ϫ mice treated with Epl raises a note of caution regarding the clinical use of MR antagonists. It has been reported that the forearm blood flow deteriorates following spironolactone treatment in type II diabetic subjects (12) . Studies have also shown that the cav-1 Ϫ/Ϫ mice present an insulin resistant phenotype (11), a feature in common with type II diabetes mellitus. The present results suggest that the use of MR blockers in cardiovascular disease may need to be carefully evaluated particularly in the presence of phenotypic changes in cav-1 expression.
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